Summary.-RNA tumour virus genes are contained in the chromosomal DNA of most vertebrates, and may be transmitted vertically from parent to progeny along with other cellular genes, as well as horizontally as infectious particles. Activation of these viral genes may be part of the means by which RNA tumour viruses produce cancer. Viral genes and their possible gene products have been characterized. The envelope glycoprotein, for example, interacts with specific membrane receptors on cell surfaces and the major phosphoprotein binds to specific viral RNA sequences. Type-C viral gene sequences have evolved as the species have evolved, and have been transferred between distantly related species under natural conditions. The presence of genetically transmitted viral genes in several vertebrate species, including primates, and the evidence that they may provide normal functions beneficial to the species carrying them, suggests that the potential to cause cancer is a pathological manifestation of a normal physiological process.
I PLAN to discuss a group of cancercausing viruses that can be considered either as unusual viruses with a high propensity to live and replicate as part of a cell's genetic machinery or, alternatively, thought of as unusual sets of cellular genes with some capacity to escape from the host's cell genome. When they escape they are then able to reinsert themselves in other parts of the same cellular DNA, in other cells of the body, in other animals of the same species, or even in other species. Examples of each of these situations have been described. These genes would then be transmitted from parent to offspring in the same way as genes that, for example, code for eye colour or level of insulin production but would, nevertheless, have the unusual capacity to come out, transfer themselves and perhaps transfer other cellular genes to new cells and to new species.
In Table I , I have listed the major postulated causes of cancer. As you will note there are both exogenous and endogenous causes. The exogenous causes include radiation, various chemical carcinogens and infectious viruses such as the feline leukaemia virus (Hardy et al., 1973) and the bovine leukaemia virus (Olson et al., 1972) . There is now clear evidence that these viruses are transmitted from animal to animal and that they cause disease as agents acquired from the outside environment. On the other hand, there are various endogenous causes that have been proposed. One of the aetiological factors that has to be considered is the group of RNA tumour viruses. In this context, the genetically transmitted viruses may play a role in cancer causation as a result of activation by exogenous agents, like radiation and chemical carcinogens; this can lead to tumour development in the animal that harbours these viruses and maintains them as genetically transmitted elements (Huebner and Todaro, 1969) . We then have to consider the RNA tumour viruses in two separate categories: one as infectious agents acquired from the outside, the other as genetically transmitted (De Larco and Todaro, 1976) . Related species like the rat have lower levels of receptors, and more distantly related species have no receptors at all. The gag gene codes for a variety of structural proteins; in the mouse viruses these include p15, p30, p12, and plO. p12 is a very interesting protein because it is a phosphoprotein that will bind specifically to viral RNA. It will only bind to its own homologous viral RNA or the RNA of a very closely related virus (Sen, Sherr and Todaro, 1976) . For example, mouse leukaemia virus p12 will bind to mouse leukaemia virus RNA and, conversely, feline leukaemia virus p12 will bind only to cat leukaemia virus RNA. Thus, this is another viral gene product that has 14() specificity in its action. This specificity appears to depend on its ability to bind to specific nucleic acid sequences. The genes pol, env and gag are all essential for viral replication. The gene product of the fourth gene, called onc or sarc, is not known; it is a growth stimulator and will transform normal cells into tumour cells. If this is done in cell culture, the resulting transformed cells will often produce tumours when inoculated into susceptible animals. On the other hand, cells can be transformed by RNA tumour viruses and have the transformed gene products synthesized, even though whole virus is not formed. Later in this presentation I will suggest some possibilities for the saro or onc gene products. The suggestion is that they might be normal growthstimulatory factors that cells possess, which have some functional role during differentiation and development of the organism. Fig. 1 (De Larco, Rapp and Todaro, 1978) . In contrast, other tissues such as liver parenchyma have very little or no detectable receptors. The results of these studies, using the purified env gene product and cells taken directly from the animal, would suggest that an essential but not sufficient event for leukaemia production in the animal is the presence of specific receptors for the envelope glycoprotein of the mouse leukaemia virus on certain target cells in the body. A cell can greatly reduce its chance of being infected either by having no receptors or keeping those receptors covered by producing its own viral glycoprotein from its own cellular virogenes. Chicken cells in culture can be shown to be resistant to infection by avian sarcoma viruses if they make an env gene product that blocks the receptors (Weiss, 1976) . (Sen et al., 1976 (Todaro, Sherr and Benveniste, 1976a; Sherr et al., 1976) . Those of avian origin have a mol. wt of -A19,000 (Sen and Todaro, 1977 Table III lists what I consider to be the major properties of endogenous type-C viruses. They are genetically transmitted and are present in the DNA of all somatic and all germ cells of all the members of a species. In fact, they are present in multiple copies, generally from 10 to 50 copies per haploid genome (Benveniste and Todaro, 1974a (Todaro et al., 1976a) . Viruses can be isolated from a variety of tissues of baboons, including kidney, spleen, placenta and lymph nodes (Todaro et al., 1976a) . The virus can be isolated from a variety of baboon species, both from cell cultures and tissue speciments directly . The first baboon type-C viruses isolated were from cell cultures transformed by feline sarcoma virus (Todaro, Tevethia and Melnick, 1973 (Todaro et al., 1976a . When the genetic distance of a primate from baboons based on overall cellular DNA sequences is compared with the genetic distance of the particular set of sequences we are interested in (the type-C viral sequences), it becomes clear that two different factors determine this relationship. The first is the phylogenetic distance from the baboon, and the second is whether the animals evolved in Africa or outside Africa. As is shown in Fig. 3 . This venture into anthropology may appear somewhat presumptuous for virologists. As a consequence, the results are still greeted with a certain scepticism by those who have used more traditional approaches to the asking of questions about man's ancestry. How- (Todaro et al., 1976a) .
A type-D virus which has many properties similar to the type-C viruses but which may in fact be more closely related to the mammary-tumour virus of the mouse can be isolated from one species (Presbytis obscurus) of the leaf-eating subfamily of Old World monkeys called Colobinae . This virus is also an endogenous virus of Old World monkeys and, like the type-C virus of the baboon, is present in multiple copies in the cellular DNA ).
The other group from which type-C viruses are readily isolated is the gibbons (Kawakami et al., 1972; Kawakami and Buckley, 1974; Todaro et al., 1975) . In this case, however, the DNA transcripts of gibbon virus show that it does not hybridize to gibbon or any other primate cell DNA, but rather hybridizes extensively to various species of rodent cellular DNA, in particular to mouse (Mus) species such as the common laboratory mouse (Kawakami and Buckley, 1974) and in one case an isolate from a woolly monkey has been obtained that causes fibrosarcomas Wolfe et al., 1971) . So this group of type-C viruses clearly is pathogenic and tumourproducing in primates; they seem to have been acquired by cross-species infection from an endogenous virus that resides in the genetic material of a quite different, distantly related mammalian order. Among the New World primates, the squirrel monkey stands out as unusual in having a virus that is readily released from normal tissues and from cells in culture (Heberling et al., 1977) and can be shown to be an endogenous virus in these primates (Colcher et al., 1977) .
The main variable, then, in whether or not a reverse-transcriptase-containing virus can be isolated from primate tissues seems to be the species of origin rather than the tissue type or whether one starts with tumour cells or normal cells. Baboons seem to be unusual in readily releasing endogenous type-C viruses. Similarly, squirrel monkeys seem to be unusual among South American monkeys in the readiness with which they release their endogenous viruses.
The great majority ofthe primate species do not appear to have whole infectious viruses. The inability to recover type-C viruses from most primate tissues may reflect defects in the viruses, in the virolo-146 TRANSMISSION OF ONCOGENES gists or in both. It is quite possible that we are doing something wrong in our attempts to isolate or activate these viruses directly from human tissues. The nucleic-acid-hybridization studies show that humans do have viral gene sequences distantly related to the baboon viruses . The species more closely related to the baboon, however, not only have related cellular DNA, but also make viral-specific RNA and certain viral-specific proteins Aaronson and Stephenson, 1976) . So the genes in those species are not repressed, and the reason complete virus is not made is not fully understood. It may be that the genes for making a whole virus in most species are no longer physically linked to one another as they are in the virus, and thus are not in a form that allows, them to be readily packaged as a discrete entity. It depends on what one considers to have been the selective pressure conserving these sequences; is it the ability to make the whole virus that is conserved, or is it the individual genes such as those coding for the DNA polymerase, the envelope antigen and a specific RNAbinding protein that are conserved? If it is the individual genes that have been selected for, there may be no particular reason why they have to be activated together or even be localized on the same chromosome. If they are now scattered around the genome, they could still function individually, but the probability of making a whole virus would be extremely low. (Livingston and Todaro, 1973; Fischinger et al., 1973) . This virus is very similar in its antigenic properties, and by molecular hybridization, to the baboon endogenous viruses that our laboratory first isolated from baboon cell cultures . The only way it became possible to explain this relationship was to suggest that an ancestor of the domestic cat actually acquired a virus from primates and that this virus somehow got into the germ cells of the ancestors of the domestic cat, setting up residence so that now all domestic cats have this virus. Related species of the genus Felis, which includes the domestic cat, also have these sequences, but only those cats from North Africa and the Middle East, and not the species that have lived in Asia or North or South America. So the virus seems to be acquired only by those cats that have had contact with African primates, most probably with baboons or one of their close relatives (see Table VII ).
There exist several other examples of the transmission of viral genetic material between different species, and these are summarized in Table VIII When cats are exposed, either naturally or experimentally, to feline leukaemia or feline sarcoma viruses, they make antibodies to the structural proteins of the virus. They also make antibodies to a new virus-induced cell-membrane antigen (or antigens) called FOCMA (feline oncornavirus cell membrane antigen) (Essex et al., 1971a, b (Essex et al., 1975a, b; 1976) . The FOCMA antigen that is present in the cell membrane does not appear to be identical to any of the known viral structural proteins, at least in the form that we know them in the virus particle. A few years ago we found that we could transform mink cells using feline TRANSMISSION OF ONCOGENES sarcoma virus, and made several nonproducer feline-sarcoma-virus-transformed mink cells (Henderson, Lieber and Todaro, 1974) . When these cells are tested with FOCMA antibody, they give very strong positive reactions; in contrast, cells transformed by mouse or rat sarcoma virus do not have the FOCMA antigen (Sliski et al., 1977) . Cells infected with just the helper leukaemia virus also lack this antigen. The antigen, then, is specific for feline-sarcomavirus-transformed cells and not for virus infection per se (Sliski et al., 1977 (Stehelin et al., 1976; Frankel and Fischinger, 1977) . The second is that it is well conserved in evolution as demonstrated by studies using specific probes to the sarcoma-gene portion of the virus; related species have related gene sequences (Stehelin et al., 1976; Frankel and Fischinger, 1977) . In fact, the sarcoma-gene portion seems to be more highly conserved than the viral-gene portions of the type-C genome. (Cohen, Carpenter and Lembach, 1975) . When injected into newborn mice it causes their eyelids to open earlier, or their tooth buds to erupt slightly earlier, than in the untreated animals. Using this assay, Stanley Cohen was able to purify the substance (Cohen, 1962 (Cohen, , 1974 . More recently it has been shown to be a potent stimulator of cell division in tissue culture, able to induce resting mouse or human diploid cells to begin to divide again (Armelin, 1973; Wrestermark, 1976) . It produces its effect by binding to specific membrane receptors (Hollenberg and Cuatrecasas, 1975;  Carpenter and Cohen, 1 976). The growth- Table IX ). We have, over the years, accumulated large numbers of cell lines transformed by different agents, starting with the parental mouse cell called 3T3 (Todaro and Green, 1963) or BALB/3T3 (Aaronson and Todaro, 1968) . These are mouse cells that have proved useful for studies of cell transformation, because they are continuous cell lines that grow well but do not cause tumours when directly inoculated into animals, and they are very susceptible to transformation by a wide variety of agents. They have been transformed by DNA-containing viruses such as polyoma, SV40 (Todaro, Habel and Green, 1965) and herpes simplex virus (Duff and Rapp, 1975) by RNA-containing viruses such as mouse sarcoma and chicken sarcoma viruses, and by various chemical agents Several other factors have been characterized that are also polypeptides with mol. wts in the range 5-15,000; they, too, are highly conserved in evolution, interact with specific membrane receptors, and induce cells to begin to divide. Another one that we have studied is a factor called multiplication-stimulating factor (MSA). This factor is closely related to the human somatomedins. It has been isolated and purified from a rat liver-cell line that produces this substance (Dulak and Temin, 1973; Temin, Smith and Dulak, 1974; Nissley and Rechler, in press). MSA, like EGF, stimulates cell division in 3T3 cells and various normal human diploid fibroblasts and human glial cells. The sarcoma-virus-transformed cells, that are greatly altered in having lost EGF receptors, are unaltered in their levels of MSA receptors . Similarly, the receptors for the envelope gene product, gp7O, are unchanged in transformed as opposed to normal nonproducer cells (Todaro et al., 1976b) . The effect, then, seems to be specific both for the sarcoma virus and the EGF receptor system.
In our more recent studies, we have (Giard et al., 1973 ) the great majority of them are found to have normal levels of receptors and, in many cases, even higher levels than human diploid fibroblasts (Fabricant, De Larco and Todaro, 1977 ) (see Table X ). However, we have come across two human tumour lines that have no apparent EGF receptors.
One is a rhabdomyosarcoma (A673) and another is a bronchogenic carcinoma (9812). The great majority of human tumour cells in culture, however, have EGF receptors. The two that appear to be lacking EGF receptors are currently being tested for the possibility that they appear (Revoltella et al., 1974 (Fabricant et al., 1977) . So here again there appears to be a specific marker of a particular differentiated type. Fig. 7 shows the binding of 1251-labelled NGF to melanoma cells as compared to its binding to sarcoma or carcinoma cells. While the series is not at all large at the moment, it does appear that metastatic melanoma has higher levels of receptors than do primary tumours (Fabricant et al., 1977 (Lieber, Livingston and Todaro, 1973) . The activation of viral information that results in the protection of new cell-membrane antigens might actually be protective to the host, by calling attention to the cell and increasing the possibility that the immune system will reject the newly transformed cells. Following this line of reasoning, then, it might be evolutionarily advantageous for the viral gene to be linked to the transforming gene so that, when cells became transformed, if they expressed viral antigens they would be more likely to be handled by a competent immune system. In a sense, then, cancer would be "causing" viruses rather than the other way around.
The fourth, and most speculative, model is that they have served an important evolutionary role in the development of higher organisms by virtue of their ability to transmit cellular genetic information between species. That they can transmit themselves between species has been amply documented (see above). That they can pick up cellular genes has also been described (Scolnick, Maryak and Parks, 1974; Shoyab and Baluda, 1975) . That this has been a major evolutionary force, however, remains only a speculation. At the point that a species becomes 1t55 distinct enough from all other species that it can no longer exchange genes, its ability to change is limited to its ability to rearrange and duplicate its existing genes; it no longer has the potential to acquire genes from geographically close, but genetically distant, species. The virus provides one means of keeping species in contact with one another. The type-C viruses are admirably suited for this because they integrate with cellular DNA.
When they come out again, they emerge with the possibility of having incorporated cellular genes and transmitting them to new cells, and to new species. From this perspective, the fact that they might occasionally transmit the wrong information to the wrong cell or become activated at the wrong time and in the wrong place might be a minor price for the species to have to pay in return for a system that allows them to sample information from distant parts of the body as well as from genetically distant species. The great majority of genes acquired in this fashion would be irrelevant or harmful. But if one in a billion or one in a trillion were useful to the recipient species, it might be enough to have maintained the system. The selective pressure then would be to preserve a system that allows the receipt of information from distant species. The occasional individual that receives the wrong information would not, in an evolutionary sense, be of much consequence. Viewed then, from this perspective, this group of viruses may help us to understand fundamental questions about control of cell growth and differentiation, regulation of expression and evolution. This fascinating group of viruses and cellular genes, on balance, would be helpful to the species. The occasional production of tumours by this group of viruses, or "escaped" cellular genes, would then be a pathological manifestation of a perhaps widespread, normal process. Our increased understanding of the normal functions of this system may allow us to deal better with its pathological manifestations when we encounter them.
